






6. Considering a maximum wave slope of 2 t o  3, measured i n  
tests made by the United Sta tes  IJavy, and t h e  gate thickness of 
30 inches, an unbalanced s t a t i c  pressure of 20 inches of water could 
not  be exceeded under any flood condition. 

7. Measurements with a p i l e  dr iver  waight suspended from t h e  
high Line 30 feet  i n  front of t h e  drydock, not taken simultaneously 
with the pressure measurements, indicated only the  approximate 
height of the  waves reaching the drydock. 

8. The t e s t  data indicated the  waves i n  the drydock area t o  
be of the shallowwater type. 

9. The simult&eous measurement of wave lengbhs as well a s  
heights a t  t he  drydock would have fac i l i t a t ed  the interpretat ion of 
t h e  pressure-cell records. 

R E C r n r n A T I O N  

1. Use an unbalanced pressure of 2 f ee t  of water fo r  designing 
t h e  permanent gate-holding device on the .aiter gate. 

I m D U c n O N  

Back~round Infomation - 
The Grand Coulee bucket caisson drydock i s  located on t h e  

r i g h t  bank of the Columbia River a pro-tely 1,400 f e e t  downstream 
from the axis of the dam $(Figure 1 7 . The drydock was completed i n  
1945 and t h e  miter gate ins t a l l ed  i n  t h e  Spring of 1946 (Eigure 2). 
It was known tha t  the concrete t ipping section of the  drydock entrance 
would remain i n  place through one o r  more flood seasons and although 
t h e  n i t e r  gate was i n s t a e d ,  it would not be used during this period. 
The t w o  leaves of the  gate were t i e d  t o  the  tipping section with cables 
t o  prevsnt any damage which d g h t  r e su l t  from t h e i r  being f r e e  to swing 
on t h e i r  hinges. The drydock w a s  submerged during the  summer flood of 
1946 and t h e  miter gate  leaves broke away f r o m  t h e i r  cable ties. A t  
some time during the  flood t h e  anchor bars holding the  gudgeon pin hinge 
of t h e  No. 2 leaf  of the  miter gate were broken, and r ive t s  in t h e  gate 
Were loosened. 

The damage was inspected by project engineers and Eiessrs. 
Sailor,  Benton, and Ball of t h e  off ice i n  Delrrar during t h e  period from 
February 17 t o  21, 1947. I n  a f i e l d  t r i p  report dated March 2&, 1947, 
containing a memorandum by the  Denver engineers t o  t h e  Supervising 
Fhgineer, dated February 29, 194.7, it was pointed out t h a t  (1) t h e  



I n s tmen ta t i on  for  Pressure Tests' 

I n  t he  period from Appll 30 t o  May 15, 1947, a series of t e s t s  
was made t o  measure pressures on the miter gate, bucket-repair caisson, 
and dqdock tipping section during normdl m m e r  storage of the caisson. 
The wave action in the river dmstream from the  Grand Coulee s p i l l y  
stilling pool and over the drydock i s  complex and const(UItly changbg, 
and thus sensitive pressure indicating instruments and equipment were 
required t o  record the variation of pressikes with,respect to t h e .  Th. 
pressure-cell used ( ~ g u r e  4C) was a reactanca type, developed by the. 
Denver Hydraulic Iaborstorg, Electronic Section &the recordins o s c i l l e  
graph was a Hatharay Instrument Company l.2-channel instrument. The p r s b  
s u r e c e l l  ut i l ized the change of reactance in two  coil^ (Part 1): when an 
armature (a lamhatad i m n  core, Part 2) was moved i n  the  air gap between 
them. External  changes i n  pressure rere transmitted as movements thug3 
a phos?hor-bronze diaphragm (Par t  3) t o  the  amnatupe by means of a shaft. 
A s  the  armature nomid, the reactance of the  co i l  changed a d  upset the  
balance of an e lec t f ica l  bridge circuit. The resultbg current a ~ 5 e d  
by insulated cables, deflected a galvanometer element i n  the  o sc i l l opph .  
The movemeut of t h i s  elanent was indicated by a reflected light beaLll end 
recordc~d on moving photographic paper. 

Nineteen pressure-cells were used, sk on the concrete msck 
tipping section, six on Leaf NO. 1 of the  miter gate, and seven on 
Aeess Shaft No. 4 of the bucket-repair caisson (Figure a). The cells 
i n  the tipping section and miter gate were placed in l i n e . d t h  the  verti- 
c a l  centerkine of leaf No. 1 of the miter gate at elevations 923, 942, 
and 958, the upper elevation being appmximtely 1 4 2  feet balor the  
top of the drJaock. Three of the ce l l s  were placed on the riwr ride of 
t h e  tipping section, and three were placed oppositely on t he  inside of 



section by drilling a hole through it and inserting a short sec t ion  of- 
3-inch pipe containing a c e l l  at each end, The pressure ends of  the 
cells were flush with the surfaces of the  tipping section (~igures 3B 
and 4 ~ ) .  The pressure-cells on the  mitar gate were located ,in a similar 
position, three on the outside and three on the inside, but w e e  mounted 
a s  ,shown i n  Figures @ and 5, Seven ce l l s  were mounted on the No. 4 
access shaft of the caisson t o  record pressures on the inside and outside . 
of this shaft. Three were placed at e l m t i o n  955 and three at elevation 
970. The ce l l s  of each p u p  were set 120' apart (Flgure @) , The 
seventh c e l l  was placed on the inside o f  ' this shaft . a t  elevation 955. 
The ce l l s  were designated by numbers, 1 t o  6 on the tipping section, 7 
t o  12 on the miter gate, and 13 t o  19 on the access shaft, 

Tho electdcal  lead fram each cell t o  the oscillograph contained 
'two wires approximately 150 fee t  long insulated with rubber and encased 
i n  a grounding shield. The wires led fromthe ce l l s  t o  a conduit between 
t h e  gate and ceriason, along the  caisson t o  the No, 4 access shaft, and t o  
the oscillograph located on the  elevator platform near the top of the  shaft. 
Although these wires were not absolutely waterproof, they weme t h e  best 
obtainable and it was believed that they would operate sa t i s fa~toz5l .y~ 

To evaluate the  pressure data, it was necessary t o  obtain the  
r iver  discharge, the average water-surface elevation a t  the  drydock, and 
the approximate height of t he  waves i n  the channel, The r iver  'discharge 
and the water-surface elevation were measured by established gaging st- 
tions. The height of the m e s  was estimated by using the LO-ton w d g h t  
from a p i l e  driver as  a plumb bob suspended from a carriage on the  high- 
l i n e  cableway near the drydock, These wave heights were not W e n  simul- 
ttneously with the  pressure-cell data. The wave heights w e ~ e  mgasured at 
three stations along the cableway (Figure .l) and at the  center of the  
river at the  upstream side of the highway bridge, Fac i l i t i e s  were not 
available t o  record wave heights in the  immediate vicinity of the cells. 

TNE IWVESTIGATION 

The Test P r o m '  
. . .  . . . . . . . ,  

Preliminary pressure-recording tests ,  Test NO. 1, 2, and 3, 
were made on April 28 and 30, 1947, before water flooded the drydock, 
The w i n  t e s t s  ( ~ e s t s  No. 4, 5, 5r, and 6 through 16) were made from 
Nay ,C t o  16, with the drydock flooded, I n  each t e s t  the  pressure , 



lrar5ation on certain of the  19 ceUs were recorded by t he  oscillograph 
1hi1e the  water-surface elevation and river discharge were obtained 
from the appropriate gaging stations, A summary of this information i s  
shown i n  Table 1, 

Table 1 

Test Bate F2.w liat e ~ s u r f  ace Depth over 
No second-feet elevation .drydock C e l l s  used 

1 4-2&47 - Water surface below (Preliminary runs, drg- 
2 - - top of drydock dock f i l l ed ,  no recordsl) 
3 4-30-47 172,620 956.48 - 3.0 1, 3, and 5 
4 5- 5-47 194,800 958.8 -;-0,7 7, 9, 10, U, ad12 
5 5- 5-47 194,800 958. 8 - 0.7 11 59 '6, 7, 9, 10, and 
5R 5- 5-47 194,800 958*8 -0.7 1 , 5 , 6 , 7 , 9 , l O , a n d U .  
6 5- 6-47 21l,QOQ 960.4 , 0e9 6, 7, 9, 10, ll, and 12 
7 + 7-47 221c,w 961. 9 2.4 13, U, 15, and16 
€3 5- 7-47 2212,mo 961.9 2*4 13, lk, 15, and16 
9 5- 7-47 226,000 961.9 2.4 7, 9, 10, ll, and 12 

lo 5- 7-47 w+#00 961.9 2.4 7# 9, 10, U.3 W U3 
15# and 16 

11 5- 9-47 26494.00 965.2 5.7 ' 99 u p  U g  12, 13, Up 159 
and 16 

12 5- 9-47 264,400 965 e 2  5.7 L ' 5 3  7, 9, 103 U.9 
13 5-12-47 310,000 . 968,8 9.3 1, 5, 7, 9, 10, 11, and12 
L4: 5 - 4 7  310,000 , 968e8 9*3 13, U3 16, 17, 78. and 19 
15 5-16-47 .334#000 970.6 U.1 3.4, '16, 17# aad 19 
1 5 7  334,000 970.6 U.1 5 ,  7. 9, 10, U, amt 12 

Records f o r  Cells 2, 4# and 8 were nevar obtained because t h e  
cell8 failed t o  function properly. C e l l  3 was not used a f t e r  Test No, 3, 
Cell 6 after Test No, 6, and Cell 1 a f t e r  Test No. 13 because they seasad 
t o  operate properly, Upon c q l e t i n g  the  tes ts ,  t he  c e l l s  rentabed in 
place un t i l  the flood receded sufficiently i n  September t o  p d t  t h e i r  
renoval. A check of the  equipment on June 13 revealed t h a t  a l l  c e l l s  were 
out of order. I n  September t h e  equip& was returned t o  the laboratorf 
where inspection disclosed t h a t  a l l  cells, except 2 and 8, were capable of 
operation, It was concluded tha t  water leakage in to  the  cables was the  
source of t h e  trouble, 

The wave heights in these t e s t s  wem tsrkeua on various dates ss 
shuwn in Table 2, 



+Stat ion 4-Center of r ive r  a t  upstrean s ide of highway 
bridge. 

AnaJysis of Data 

The osciUograph records obtained during t h e  t e s t  showed the  
variat ion of pressure at the  c e l l s  due t o  wan action over t h e  M o c k  
and on the  caisson ( ~ i y r e  6 ) .  These records m e  obtained d t h  the  
paper moving a t  approximately 3 inches per second and with the  time 
sca le  being marked by a Line every 1/10 second. Each t e s t  lasted Rom 
1 t o  2 minutes; thus the records were between 15 and 30 f e e t  long. The 
pressure variation of the  c e l l s  formed a wavelike pat tern on t h e  sensi- 
tized paper, the amplitude of which was controlled by changing resist- 
ances i n  the  oscillograph. The enplitude of t h e  t races  was adjusted t o  
about 1 inch t o  f a c i l i t a t e  placing simultaneous records of several 
pressure-cells on a single sheet of  oscillograph paper. Each t race  was 
then on a different r e l a t ive  scale, and it was necessary. t o  transform the  
data t o  a common pressure sca le  t o  compare and evaluate the  data. 

Rro steps were necessary i n  determining the true magnitude o f  
the  pressure -.Tariations from t h e  osci l logaph records. The aaplitude of 
the variations in  the  oscillograph trace was f i r s t  adjusted Tor the 
resistance used i n  t h e  c i r cu i t  during the  t e s t .  This adjustment varied 
inversely with the resistance and was equal t o  the r a t i o  of the ca& 
bration resistance divided by t h e  t e s t  resistance 

Rc For Cell  10, Test No. 10, this r a t i o  was 0.0268. . 
Or m* 

The second s tep  was t o  determine the  amplitude o f t h e  pressure 
variation. I n  order t o  do t h i s ,  it was necessary t o  ho:v the  pressure 
i n  fee t  of water per uni t  of deflection indicated by the  osdllogram f o r  
the  part icular  pressure cell. Each c e l l  v s  calibrated before it was' 
i n s t a l l ed  by app15.w known pressures (0 t o  80 f e e t  of water) and 
recording t he  deflection i n  inches of an illuminated t r ace  from a gal- 
vanometer on the viewer of the  oscillogmph. The cal ibrat ion was made 
with a given resistance i n  the oscillograph c i rcui t  since the  data 



curves of tlie ce l l s  showed that  the  relat ion of-deflection t o  pressure 
was not l inear  and the deflection per unit of appZiad pressure became 
smaller as the pressure on the c e l l  increased (Figures 7 and 8), The 
amplitude of the trace, therefore, changed with,the depth of the c f U  
below the  water surface and was"variab1e due t o  the wave action. The 
variation due t o  wave action was smallland was not considered in fhe 
analysis of the .data. The variation due t o  depth was appreciable and was 
assumed t o  be that  f o r  the average depth of the c e l l  during the  t e s t  - 
(elevation of t a i l  water minus elevation of cell) .  The scale fo r  any 
oscillogr&, previously ad just ed fo r  the circui t  resistance, would be 

where 4P i s  an incranent of pressure change i n  f ee t  of water and 
A D  
AD i s  the  increment of deflection of the galvanometer trace caused by the  

increment of pressure change at  a pressure corresponding t o  the  depth of 
the  cell .  This r a t i o  i s  the  inverse of the slope of a tangent t o  the 
calibration curve a t  the pressure corresp~nding t o  the  average depth of 
the  cell. For -Cell 10 i n  Test No, 10, where t he  tail-water elevation was 
961.9 and the c e l l  elevation 942,3, the depth i s  19.6. feet,  The r a t i o  A!]P m 
f o r  this c e l l  and condition is  18.1. 

Multiplying the deflection due t o  wave action as recorded on the 
oscillogram for  Cell 10, Test No. LO by t h e  two adjustment factors, gives 
the pressure variation at the cell. For axamp1e, i f  the  deflection h r n  
a low t o  hi& point on the t race  wers .0.77 inch, then the pressure nwi- 
at ion from the low t o  high would be 0.77 (0.0268) (18.1) = 0.375 foot of 
water, 

The Accuracy and W t a t f o n s  of the  Data 
. . . ,  , .  

I n  general, the  type of  p r e s s ~ ~ c s l l  used was suited to  this 
problem. The c e l l  can be calibrated eaoily under static pressures witha 
f l u id  pressure scale and the  variation I n  pressure encourrtered i n  the 
ins ta l la t ion  can be recorded accurately, because the  natural frquenoy of 
the cel l  i s  high, while the  Frequency of the wave is  low. The paper fn 
the  oscillograph could not be moved slower than 3 inches per second and 
the  low frequency of the  wave action c a s e d  the oscUograph traces t o  
appear very flat. While this was inconvenient, necessitating t he  adjust- 
ment of data as explained previously, the value of the  data was not 
di&&sh&r 

The accuracy of t he  data i s  decreased smepshat because the 
ampli%ude of the  pressure t race was held t o  about 1 inch, and %he width 
of the  t race was between 1/10 and 1/20 of an inch, Other factors  influ- 
encing the  accuracy of the  data were the .possibility. o f  a slight shifting 
in the zeros of the irstnrments, Bhe dif f icul t ies  i n  seleotring ,the value8 
of t h e  adJustment factors, the smaU number of ce l l s  used at each location, 
and the limited range of spillway flows at which the teats m e  made," 
Considering all of these factors, it is estimated tha t  the  data are sccu- 
r a t e  within 5 percent, 



The imeaJar variation of prsaaure w i t h  respect t o  t h e  at 
the  several cells F'igure 9) was at t r ibuted t o  wave action since waves . 
were described as being of a choppy i r regular  nature, It was noted t ha t  
the  amplitude of the  pressure variations f o r  a single c e l l  was atout 
1 foot  of water a t  the  smaller discharges and about 1 4 2  f ee t  of water. 
a t  t h e  la rger  discharges. The wave heights (from cres t  t q  trough) f o r  
the  corresponding discharges a s  indicated by the suspended p i l e  driver 
miat ,  about 30 f e e t  away from the drydock, m e  about 1.7 feet for the 
smaller discharges and about 3.3 fee t  f o r  the Larger discharges; thus, 
t h e  pressure variations as shown by the c e l l s  do not indicate  the, f u l l  
height of the waves. A fur ther  study of pressure variation with respect 
t o  depth was made by eomp&son of records f romthe  c e l l  groups 1 and 5; 
7, 9, and U; and 10 and 12; but no consistent variation with depth ma 
found. 

' It would have been desirable t o  def in i te ly  establish t h e  
nature, magnitude, and ce le r i ty  of the waves, but the i r  ccmplex pat tern 
did not make this feasible. A s  far as could be determined from the  
a-lable data, the waves were of a .type called shallow water waves. 
This i s  probably true, for  the  depth of the water i n  much of the area 
was l e s s  than the wave length. 

Application of the  Results t o  the  Hiter Gate Problem 

Under the  conditions of the t e s t s  which were performed d t h  
t h e  tipping section i n  place, the resul t s  a re  not strictly applicable 
because the wave action with the tipping section and t h e  miter ga te  in  
place b r i U  be different from tha t  with t h e  d t e r  gate only. Homer,  
the difference i n  the re su l t s  should not be suff icient  t o  inva,lidate 
t h e i r  use. 

Prior t o  the  tes ts ,  a force had been estimated by assuming 
an unbalanced pressure from oge side of the gate t o  the  other equd t o  
t h e  wave heist, Using t h i s  assumption, the  computed wave height . to  ' 

break the cable .tie was 4-1/2 feet.  Actudly, with ample submergence, 
t h e  unbalanced pressures depend mainly upon the slope of t h e  waves.which 
pass over the gate. The xmximum slope of ocean waves observedin t e s t s  
made by the United States Navy was about 2 t o  3. Applying this infor- 
mation with a gate thickness of 30 inches, the maxiurn pressure d i f f e r  
e n t i a l  would be l e s s  than 2 feet of water. Although these assumptions 
a r e  no t  s t r i c t l y  applicable, they give safe design values. 



v y i n g  priasure act ing upon the  cel ls ,  but aiso the Ghase differences 
between the ce l l s  on the  different  s ides of the t ipping section and the  
miter gate, These phase differences show how the  pressures on the  
miter gate become unbalanced. A t  a given ins tant  the  pressure may be 
of a certain magnitude on the inside of the gate wbile it may be greater 
or  l e s s  on the outside of the gate, I n  a study of these curves it was 
noted tha t  two d is t inc t  types of vmve action occurred, depending upon the  
depth of water over the drydock t ipping section, When this depth was 
l e s s  than 2.5 f ee t  (Tests No, 4 t o  lo), the waves apparently brolce over 
t h e  tipping section and mit,er gate  i n  such a manner tha t  the  pressure 
variations on the opposite sides were very irregular,  This was especi- 
al ly  t rue  of pressure variations of sglall magnitude, whereas the  la rger  
pressure variations, evidently caused by la rger  waves, retained their 
i den t i ty  as  t h e  waves passed over the tipping section and gate, With 
this type of action, the ruxhm pressure difference was found t o  be 
a b o u t 1  foot  of water, A t  t he  lar er  discharges and with greater depths 
over the  gate (Tests No. 12 and 16 f t h e  wave patterns appeared t o  be 
more regular especially a t  the peak discharge of 334,000 second-feet 
(Test No. 16j. A t  this discharge the  ma&nitnde of the  pressure vari- 
at ion  increased t o  nearly 2 f ee t  of water; however, the phase relat ion-  
ship of the variation,; a t  c e l l s  on each s ide  of the gate was such tha t  the  
ma%imum pmssure difference on the gate was approximately 0.87 foot  of 
water, less than tha t  observed a t  smaller discl-iirges. The manner i n  which 
these pkessure variations occurred, with a somewhat regular phase d i f f e r  
ence, suggested t h a t  the  unbalanced pressures'on the opposite sides of the  
gate  could be related t o  the slope of the  waves, and tha t  the  assumptions 
using the Navy resul t s  t o  estimate the pressure d i f f e r e s e s  was applicable, 
although conservative. I n  the l i g h t  of these data, it was concluded tha t  
the-design value of 2 f ee t  of water f o r  the unbalanced pressure would not 
be exceeded even with discharges i n  excess of those a t  which the  t e s t s  
were made, 

Pressure Measurements on Access Shaft No, 4 of the Caisson 
. . . , ,  

The pressure variations on the  access shaft of the  caisson, as 
measured by Cells, l.4 t o  19, and on the inside of the tower as measured 
by C e l l  13, were not studied beyond a cursory examination of the data, 
The cells on the outside of the tower indicated a choppy, irregular wave 
action, and no individual tram could be traced i n  i t s  passage across the  
t ipping section and miter gate t o  the tower, It appeared tha t  t h e  waves 
l o s t  t h e i r  character is t ics  through ref lect ion and interference, The 
pressures inside the tower were i n  the  nature of a regular surge, con- 
siderably different  from the pressure conditions on the outside. This 
surge had a period of appro*dma.tely 7 seconds, whereas the  measured 
period of the  wave's was about'!; seconds. . ,,, , 
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